In addition to overeating, starvation also reduces fecundity in mammals. However, little is known about the molecular mechanisms linking food intake to fertility, especially in males. Gastric inhibitory polypeptide (GIP), which is released from intestinal K-cells after meal ingestion, stimulates insulin secretion from pancreatic b-cells through the action of incretin and has several extrapancreatic effects. Here, we identified GIP receptor (Gipr) expression in mouse spermatids. Microarray analysis revealed that pregnancy-specific glycoprotein 17 (Psg17), a potential CD9-binding partner, was significantly decreased in GIP receptor-knockout (Gipr -/-) testes. Glycosylphosphatidylinositol-anchored PSG17 was expressed on the surface of acrosome-reacted sperm, and Gipr -/-sperm led to a lower fertilization rate in vitro, compared with that of Gipr +/+ sperm, both in the absence and presence of the zona pellucida. Plasma GIP concentrations and Psg17 messenger RNA (mRNA) were immediately increased in the testis after a single meal, whereas ingestion of a chronic high-fat diet markedly decreased Gipr and Psg17 mRNA. These results suggest that reduced GIP signaling, by decreased GIP levels or the downregulation of Gipr, is associated with the reduction of fecundity due to starvation or overeating. Thus, proper regulation of GIP signaling in the testis could be a potential unique therapeutic target for male infertility in obese and diabetic individuals. (Endocrinology 158: 2134(Endocrinology 158: -2144(Endocrinology 158: , 2017 
I nfertility has been a major health problem worldwide, resulting in 48.5 million couples being unable to conceive a child (1) . Obesity and diabetes are well known causes of female infertility. For example, hyperinsulinemiainduced polycystic ovary syndrome causes infertility, and the use of insulin-sensitizing agents such as metformin can increase the clinical pregnancy rates (2) . Male infertility also contributes partially or solely to childlessness in approximately 50% of cases (3) . It has been shown epidemiologically that being overweight and having diabetes can lead to male infertility (4) , but the associated molecular mechanisms have not been determined. Therefore, a treatment of male infertility has not yet been established, with the exception of assisted reproductive technology. After in vitro fertilization, but not after intracytoplasmic sperm injection, clinical pregnancy is decreased when the male partner is overweight (5) , suggesting that the sperm of overweight males has functional deficiencies in the stages before spermegg fusion. In contrast, calorie restriction, which has been established to extend lifespan in a broad range of organisms, from yeasts (6) to mammals (7), is not advantageous for reproduction. When calorie restriction is implemented, fecundity is also reduced in mammals (8) .
Sperm-egg fusion is the first and most essential step in conception. Recently, the interaction between IZUMO1 on the sperm and JUNO on the egg has been identified as essential for mammalian fertilization (9, 10) . CD9 on the egg is also essential for fertilization (11) (12) (13) . Pregnancy-specific glycoprotein 17 (PSG17), a member of the carcinoembryonic antigen (CEA) family, is one of the most probable binding partners of CD9 (14) . Although sperm-egg fusion is substantially inhibited when eggs are preincubated with truncated PSG17 (15) , the expression of this protein on the sperm surface and its physiological significance are not well established.
Some peptide hormones have been reported to be involved in fertility. Leptin, synthesized by white adipocytes, plays an important role in relaying the nutritional status to the central reproductive axis of mammals (16) . Leptin receptors are also expressed in Leydig cells and might have a direct regulatory role in androgen production (16) . An association between gastrointestinal hormone and male fecundity was also shown in previous reports. Ghrelin is a fast-acting gastrointestinal hormone. Ghrelin receptors were shown to be expressed in Leydig cells and elongated spermatids (17) . Inhibition of ghrelin signaling restores androgen synthesis and attenuates germ cell apoptosis, resulting in improved reproductive phenotypes in male leptin-deficient mice (17) . However, the relationship between ghrelin signaling and fecundity has been unclear.
Gastric inhibitory polypeptide (GIP; also known as glucose-dependent insulinotropic polypeptide) is a member of the incretin family. GIP is secreted from intestinal K-cells after ingestion of meals and stimulates insulin secretion from pancreatic b-cells in a glucose-dependent manner (18) . We have previously shown that GIP receptor (GIPR) is expressed in several extrapancreatic tissues to exert its physiological actions (19, 20) . Although blood GIP levels have been shown to be elevated with a high-fat diet or during overeating (19) , insulin secretion in response to exogenous GIP is impaired in obese and diabetic individuals (21) , potentially due to the downregulation of Gipr in pancreatic b-cells (22) . However, the effect of altered GIPR expression in extrapancreatic tissues has received little attention.
In the current study, we revealed that glycosylphosphatidylinositol (GPI)-anchored PSG17 is expressed and that a lack of GIP signaling decreases Psg17 expression in sperm, resulting in impaired sperm-egg fusion. Furthermore, Psg17 messenger RNA (mRNA) was immediately increased in the testis after a single meal, whereas ingestion of a chronic high-fat diet markedly decreased Gipr, resulting in a reduction in Psg17. These results indicate that environmental factors influence sperm-egg fusion via the GIP/PSG17 axis, which is thus a unique therapeutic target for male infertility in cases of obesity and diabetes.
Materials and Methods

Mouse experiments
The generation of Gipr -/-mice (C57BL/6 background) used in these experiments has been previously described (23) . Mouse genotypes were determined by polymerase chain reaction (PCR). Mice had free access to a normal diet (CE-2; Clea Japan, Tokyo, Japan) and water. Diabetes and obesity model mice (C57BL/6) were fed a high-fat diet (HFD32: fat, 56.7%; carbohydrate, 23.2%; protein, 20.1%) (Clea Japan, Tokyo, Japan) for 4 weeks. Akita mice (C57BL/6 background) were available from Japan SLC (Hamatsu, Japan). An oral glucose tolerance test was performed at 10 to 11 weeks of age. After a 16-hour fast, glucose and plasma insulin levels were measured before and after oral administration of glucose (2 g/kg body weight). The blood glucose levels were measured using a Glutest Mint assay (Sanwa Kagaku Kenkyusho, Aichi, Japan). Plasma insulin concentrations were measured using an ultrasensitive mouse insulin enzyme-linked immunosorbent assay kit (Morinaga Institute of Biological Science, Kanagawa, Japan). Blood drawing for leptin measurement was performed after animal fasting. For GIP measurements, we collected the blood after fasting, as well as 1 and 2 hours after feeding (normal or high-fat meal). Plasma leptin concentrations and plasma GIP concentrations were measured using a mouse/rat leptin enzyme-linked immunosorbent assay kit (Morinaga Institute of Biological Science), and mouse GIP levels were measured using a total assay kit (IBL, Gunma, Japan). For the GIP injection assay, Gipr +/+ mice were intraperitoneally injected saline solution (10 mL/g body weight; control group) or 2S-GIP-NH 2 (300 pmol/g body weight), 30 minutes before the extraction of the testis. 2S-GIP-NH 2 , provided from Sanwa Kagaku Kenkyusho, is identical to mouse GIP, except that alanine is substituted with serine at position 2 to prevent degradation by dipeptidyl peptidase-4 (DPP-4) and the C terminus is amidated. For refed experiments, Gipr +/+ mice were fasted for 16 hours and assigned to two groups, the fasting group and the refed group. Refed group mice had free access to a normal meal for 2 hours, after which they were euthanized. For single-cell analysis, Gipr +/2 mouse testes were enzymatically digested with dispase (BD Bioscience, Franklin Lakes, NJ). Testicular cells were washed twice with phosphate-buffered saline (PBS). Single cells were obtained by repeating the dilution. All experiments were performed with the approval of the animal care and use committee of Akita University.
Gene expression analysis
Mouse total RNA was extracted using an RNeasy Mini Kit (Qiagen, Hilden, Germany), and complementary DNA (cDNA) was synthesized using a PrimeScript First-Strand cDNA Synthesis Kit (Takara Bio, Shiga, Japan). For single-cell analysis, cDNA was produced using a CellAmp whole-transcriptome amplification kit (version 2; Takara Bio, Shiga, Japan). For human testis analysis, first-strand cDNA human testis (Origene Technologies, MD) was used. Primers used are summarized in Supplemental Table 1 .
In situ hybridization
The testes were removed from 8-week-old male Gipr +/+ mice, fixed overnight in formalin-acetic acid-alcohol at room temperature, embedded in paraffin, and sectioned to a thickness of 7 mm. The sense and antisense riboprobes were directed against mouse Gipr mRNA (nucleotides 1344 to 1700; GenBank NM_001080815) and were hybridized to the sections as described previously (24) .
Histological study
For histological staging of the seminiferous epithelium cycles, testes were fixed in Bouin's solution (Wako Pure Chemical Industries, Osaka, Japan) for 4 hours, changed to 70% ethanol, embedded in paraffin, and sectioned at 3-mm thickness for hematoxylin and eosin (H&E) staining and periodic acid-Schiff (PAS). The subsequent characterization of the stages was carried out using previously defined criteria (25) .
Microarray
Testes from Gipr +/+ and Gipr -/-mice (8-week-old, n = 3 per genotype) were used for microarray analysis. Briefly, total RNA was isolated using TRIzol reagent (Thermo Fisher Scientific, MA). The quality of total RNA was checked using an Agilent 2100 Bioanalyzer. Equal amounts of RNA were pooled and used for microarray analysis with an Agilent Sureprint G3 Mouse GE 8360K Microarray (DesignID: 28005). Hybridized arrays were scanned on an Agilent Technologies G2505C Scanner. Data extraction and quantification from images were performed using Agilent Feature Extraction version 10.7.3.1. Data have been deposited to National Center for Biotechnology Information Gene Expression Omnibus (accession number: GSE72504).
Flow cytometry
Testes were enzymatically digested with dispase (BD Bioscience). Testicular cells were washed twice with Dulbecco's modified Eagle medium (Sigma-Aldrich, St. Louis, MO) and collected by centrifugation at 160g for 5 minutes. For nucleus staining, cells were incubated in Dulbecco's modified Eagle medium with 5 mg/mL Hoechst 33342(Dojindo Laboratories, Kumamoto, Japan) at 37°C for 30 minutes. Haploid cells and diploid cells were sorted based on forward scatter and the amount of nuclear DNA.
Antibody production
To prepare polyclonal antibodies against mouse PSG17, a specific amino acid sequence (HKLATQPVIKATD; 381 to 393 of PSG17) was synthesized, conjugated to keyhole limpet hemocyanin, and used to immunize rabbits. The antibody was purified using a peptide column. The antibody specificity was confirmed by western blotting with or without blocking peptide (Supplemental Fig. 1 ). This antibody has been registered in the Antibody Registry [Research Resource Identifier (RRID): AB_2632397].
Sperm immunofluorescence
Sperm prepared from cauda epididymis were incubated in human tubal fluid (HTF) (NK System, Osaka, Japan) for 2 hours, spotted onto slides, washed three times with PBS, fixed with 10% formalin for 5 minutes, and rinsed briefly in PBS. Nonspecific protein binding sites were blocked with 10% goat serum in PBS at room temperature for 1 hour. The slides were then incubated with 5 mg/mL anti-PSG17 or rat monoclonal anti-IZUMO antibody (Bioacademia, Osaka, Japan) (RRID: AB_2637057) containing 10% goat serum at 4°C overnight.
After washing three times with PBS, the slides were incubated with Alexa Fluor 488 goat anti-rabbit or Alexa Fluor 555 antirat immunoglobulin G (Thermo Fisher Scientific, Waltham, MA) containing 10% goat serum at room temperature for 30 minutes in the dark. The stained cells were observed by fluorescence microscopy. The distinction between intact and reacted sperm was according to a previous study (26) . Some sperm spotted onto slides were treated with phosphoinositide phospholipase C (PIPLC) (0.5 U/mL) in HTF medium for 30 minutes at 37°C, washed and fixed with 10% formalin solution for 5 minutes, and rinsed briefly in PBS. The subsequent procedure was as described previously in this section.
In vitro fertilization assay
Sperm from Gipr +/+ and Gipr -/-mice (8 to 10 weeks) were expelled from the cauda epididymis into a 100-mL drop of HTF containing 10% bovine serum albumin (BSA) under oil for embryo culture (Irvine Scientific, CA). Sperm were then incubated at 37°C with 5% CO 2 for 60 minutes to induce capacitation. Gipr +/+ female mice (8 to 10 weeks) were superovulated through the injection of 5 U of human chorionic gonadotropin (Mochida Pharmaceutical, Tokyo, Japan) 48 hours after the injection of 5 U of human menopausal gonadotropin (Pergogreen; Merck Serono, Darmstadt, Germany). The eggs were collected from the oviduct 16 hours after human chorionic gonadotropin injection and placed in a 100-mL drop of modified HTF (NK System, Osaka, Japan) containing 10% BSA. Cumulus cells were removed by incubation (,5 minutes) in SynVitro hydase (Origio, Copenhagen, Denmark). The eggs were gently aspirated up and down by pipetting and then allowed to recover for 30 minutes in HTF containing 10% BSA in a humidified atmosphere of 5% CO 2 . These eggs were incubated with 1 3 10 6 Gipr +/+ or Gipr -/-sperm per milliliter for 5 hours at 37°C in 5% CO 2 , and unbound sperm were washed away. The eggs were placed in 2% formalin for 30 minutes at 37°C, incubated with monoclonal antib-tubulin clone TUB2.1 (Sigma-Aldrich, MO) (RRID: AB_477577) in PBS for 60 minutes, and washed. We then added Alexa Fluor 488 goat antimouse immunoglobulin G (Thermo Fisher Scientific) to PBS containing the eggs for 60 minutes, washed the samples, and then added Hoechst 33342 for 10 minutes. Finally, eggs were observed for the formation of pronuclei under a microscope. For the zona-free assay, zona pellucidae were removed by a brief incubation (15 seconds) in low-pH medium (modified HTF containing 10% BSA, HCl; pH 2.5). Eggs were washed carefully and allowed to recover for 2 hours in HTF containing 10% BSA in a humidified atmosphere of 5% CO 2 . These eggs were incubated with 1 3 10 6 Gipr +/+ or Gipr -/-sperm per milliliter for 2 hours at 37°C in 5% CO 2 , and unbound sperm were washed away. The subsequent staining process was the same as described previously in this section. Eggs were observed for the formation of pronuclei under a microscope.
Analyses of sperm motility
The parameters of sperm motility were quantified by computer-assisted semen analysis using a sperm motility analysis system (Ditect, Tokyo, Japan). Briefly, cauda epididymal sperm of Gipr 2-/-mice, with those of Gipr +/+ mice as a control, were incubated for 2 hours in a 100-mL drop of HTF medium at 37°C in 5% CO 2 under oil for embryo culture. An aliquot of the incubated sperm suspension was transferred to a chamber (12-mL depth) (Ditect, Tokyo, Japan). Each sample was analyzed three times, assessing different fields, and the data were averaged.
Statistics
Data were presented as the mean 6 standard error. To determine P values, two-tailed Student t tests were performed (unless otherwise indicated). P , 0.05 was considered statistically significant. Routine statistical analyses were performed with Microsoft Excel.
Results
Gipr mRNA expression in mouse testes
Reverse transcription PCR (RT-PCR) suggested that Gipr mRNA is highly expressed in the mouse testis but that Glp-1r, encoding the other incretin receptor, was absent [ Fig. 1(a) ]. In human testes, Gipr mRNA was also expressed [ Fig. 1(b) ]. To examine cells expressing Gipr, we performed in situ hybridization with the testis of an 8-week-old male Gipr +/+ mouse. In the testis, Gipr mRNA was expressed in specific seminiferous tubules [ Fig. 1(c) ].
In the mouse, 12 stages have been described that can be distinguished from one another based on the steps in spermatid development (25) . PAS and H&E staining showed that Gipr mRNA was expressed in stages VII, VIII, and IX of the seminiferous epithelial cycle and Gipr was expressed in spermatids in the mouse testis [ Fig. 1(d) ].
Body weight, testis weight, leptin concentration, and leptin receptor expression There was no difference between 8-week-old Gipr
and Gipr -/-male mice in terms of body weight [Supplemental Fig. 2(a) ], testis weight [Supplemental Fig.  2(b) ], sperm motility (Supplemental Table 2 ), testosterone concentration [Supplemental Fig. 2(c) ], and histology of the testis [Supplemental Fig. 2(d) ]. The expression levels of Rosbin, a marker of spermatid, was not different between Gipr +/+ and Gipr -/-testes (Supplemental Fig. 3 ). As with our previous report, the glycemic excursion was increased following oral glucose administration to Gipr Although Gipr -/-mice had lower adiposity than Gipr +/+ animals on a high-fat diet, the fat accumulation with a normal diet was similar in Gipr +/+ and Gipr -/-mice (19).
The expression of leptin receptor mRNA was not different between Gipr +/+ and Gipr -/-mice fed a normal diet [Supplemental Fig. 5(c) ]. Gipr -/-mice fed a high-fat diet tended to express higher levels of leptin receptor than Gipr +/+ mice [Supplemental Fig. 5(d) ], but this relationship was not statistically significant.
Psg17 expression was decreased in the testes of Gipr
-/-mice We performed microarray analysis to compare testis gene expression profiles of Gipr -/-mice with those of Gipr +/+ mice. Three of the 40 most significantly upregulated or downregulated genes in Gipr -/-mice testes belonged to the family of pregnancy-specific glycoprotein (Psg) genes (Supplemental Table 3 ). Among Psg genes, we focused on Psg17, because PSG17 is the potential binding partner of CD9, which is expressed on eggs and is essential for fertilization. Psg18 and Psg19 were more reduced in Gipr -/-mice than Psg17. PSG18 has no preceding paper showing binding to CD9 and concerning fertilization. Although the binding to CD9 has been reported for PSG19 (27) , it has been suggested that its binding is weaker than PSG17 (27) . There has been no report showing that PSG19 binds to CD9 on egg. The gene expression of Izumo1, an essential factor in sperm for fertilization, and that of other fusion-related genes was not different between the groups (Supplemental Fig. 6 ; Supplemental Table 4 ).
PSG17 expresses on acrosome-reacted sperm surfaces
To elucidate the Psg17 mRNA-expressing cells in the testis, we separated testis tissue into a haploid cell-rich group and a diploid cell-rich group by flow cytometry. Expression of Psg17 and Gipr mRNA in the haploid cell-rich group was 2.7-fold and 3.7-fold higher, respectively, compared with that in the diploid cell-rich group (Supplemental Fig. 7) . We compared expression in prepubertal (17 days of age) and adult (8 weeks of age) testes. As previously reported, there are no spermatids in the testes of 17-day-old animals, because the haploid cells develop after that age (28) . Accordingly, we could not detect spermatids by optical microscopy (Supplemental Fig. 8 ), and Psg17 mRNA was not expressed in the prepubertal testis [ Fig. 2(a) ]. To further investigate the expression of Psg17, we examined single spermatids (haploid cells) with or without Gipr expression using Gipr +/-mice testes. In this model, one Gipr allele was replaced by a cytomegalovirus-promoter-driven neomycin resistance gene (Neo). Therefore, haploid cells of Gipr +/-mice are Neo positive (Gipr negative) or Neo negative (Gipr positive) (Supplemental Fig. 9 ). Spermatids were confirmed by the expression of Rosbin. In Neonegative (Gipr-positive) spermatids, Psg17 mRNA was expressed. However, Psg17 mRNA was not detected in Neo-positive (Gipr-negative) spermatids [ Fig. 2(b) ]. Psg17 expression was dependent on the gene dosage of Gipr (Supplemental Fig. 10 ). These results suggest that Psg17 was expressed in spermatids and that the expression level of Gipr or GIP signaling regulates Psg17 expression.
Immunohistochemical analysis showed that PSG17 was expressed on the acrosomal cap area of fresh mouse sperm [ Fig. 2(c) ]. As shown in Fig. 2(d) and 2(e) , the PSG17 was colocalized with IZUMO1 both in acrosome-intact and acrosome-reacted sperm, indicating that PSG17 is a membrane-bound protein. Computational analysis of the PSG17 amino acid sequence showed that this protein has a signal peptide followed by three immunoglobulin (Ig) and one Ig-like domains and that PSG17 has no transmembrane domain but has one potential v-site, a proteolytic cleavage site for linkage to GPI anchors (Supplemental Fig. 11 ) (29) . PSG17 staining was lost after PIPLC treatment [ Fig. 2(f) ], indicating that PSG17 was GPI anchored to the sperm.
Gipr
-/-sperm led to a lower fusion rate compared with Gipr +/+ sperm in in vitro fertilization experiments We then conducted in vitro fertilization experiments to analyze the fertility of Gipr -/-male mice when combined with Gipr +/+ eggs. Representative fluorescence microscopy photographs are shown in Fig. 3(a) and 3(c) . Gipr -/-sperm had a significantly lower fusion rate with zona-intact Gipr +/+ eggs compared with Gipr +/+ sperm [Gipr +/+ , 73.1% 6 2.7%; Gipr -/-, 27.4% 6 11.2%; Fig. 3(b) ].
When using zona-free eggs, we also observed a significantly decreased fusion rate for Gipr -/-sperm [Gipr +/+ , 94.7% 6 3.9%; Gipr -/-, 62.7% 6 14.8%; Fig. 3(d) ], indicating that the lower fusion rate of Gipr -/-sperm was not due to their failure to penetrate the zona pellucida, but rather due to impaired fusion with the egg plasma membrane.
GIP signaling regulates Psg17 expression
After intraperitoneal administration of 2S-GIP-NH 2 , a DPP-4-resistant active GIP, Psg17 expression was increased by 30.6% [ Fig. 4(a) ]. Forskolin elevates intracellular cyclic adenosine monophosphate, which is a second messenger of Environmental factors alter Psg17 expression through GIP signaling GIP signaling senses dietary habits and modulates various aspects of metabolic homeostasis. Ingestion of a single high-fat meal increases GIP secretion from intestinal K-cells to elevate insulin secretion compared with GIP secretion after a single normal meal [ Fig. 5(a) ]. However, chronic ingestion of a high-fat diet increases blood glucose with hyperinsulinemia [Supplemental Fig. 4 (c) and 4(d)] and downregulates Gipr expression in the pancreas (22) . In testes, although Psg17 mRNA was immediately increased after a single meal [ Fig. 5(b) ], ingestion of a chronic high-fat diet markedly decreased Gipr [ Fig. 5(c)] and Psg17 [ Fig. 5(d) ].
It has been reported that Gipr is decreased in the pancreas with chronic hyperglycemia (30) . To examine the effects of hyperglycemia on the expression of Gipr in the testis, we compared testes of wild-type mice to those of Akita mice, which are hypoinsulinemic hyperglycemic animals, after a normal diet. In this experiment, the expression of Gipr and Psg17 mRNA was unchanged The expression levels of Psg17 mRNA from primary cells isolated from Gipr +/+ mouse testis after administration of forskolin or control (solvent of forskolin) (n = 4). *P , 0.05, **P , 0.01.
Discussion
The molecular mechanisms associated with the induction of gamete fusion during mammalian fertilization are still relatively unclear. Three membrane-bound proteins, IZUMO1 on sperm and JUNO and CD9 on eggs, have been reported to be essential for gamete fusion. An interaction between IZUMO1 and JUNO has been established, and it has been suggested that this complex might drive CD9 accumulation in the intercellular contact area before fusion (31) . However, inhibition of sperm-egg fusion by truncated PSG17 suggested that an Figure 5 . Alteration of Psg17 mRNA expression after a single normal meal and after chronic (normal or high-fat) diets. We used "meal" or "diet" as terms to define a single intake or chronic intake, respectively. Normal meal or normal diet: fat, 13.2%; carbohydrates, 57.9%; protein, 28.9%. High-fat meal or high-fat diet: fat, 56.7%; carbohydrates, 23.2%; protein, 20.1%. (a) Alteration of plasma GIP concentration after acute intake. We used Gipr +/+ mice fed a normal diet for this experiment. After 16 hours of fasting, mice were fed a normal meal (s) or a high-fat meal (C) (n = 6). (b) The expression levels of Psg17 mRNA in testes of fasting or refed (normal meal) Gipr +/+ mice (n = 9). The expression levels of (c) Gipr and (d) Psg17 mRNA in the testes from normal-diet-fed (ND) or high-fat diet-fed (HFD) Gipr +/+ mice (n = 4). The expression levels of (e) Gipr and (f) Psg17 mRNA in the testes of Gipr +/+ or Akita mice (n = 3 to 4). *P , 0.05, **P , 0.01.
interaction between PSG17 and CD9 is also crucial for sperm-egg fusion. PSG17 is a member of the PSG family. This family and the closely related carcinoembryonic antigen cell adhesion molecule (CEACAM) gene family are members of the Ig superfamily. PSG family members are expressed abundantly in choriocarcinomas (32) but are also found in normal tissues such as placenta (33) and testis in humans (34) . PSGs resemble CEACAMs in terms of their extracellular Ig-like domains but are secreted rather than membrane anchored. Accordingly, PSGs are the most abundant proteins in the maternal bloodstream during late pregnancy (35) . However, bCEA, a splice variant of PSG16, is expressed in the brain and serves as a receptor in mice (36); PSG18 was subsequently found in the follicle-associated epithelium overlaying intestinal Peyer's patches in mice (37) , suggesting that certain PSGs might have evolved specific membrane-bound functions. In our study, Psg17 mRNA and protein were found in spermatids and on acrosome-reacted sperm surfaces with the same staining pattern as IZUMO1. Testis-specific angiotensin converting enzyme-3 (tACE3), which has been detected in the acrosomal cap area of acrosome-intact sperm that colocalize with IZUMO1, is lost in acrosome-reacted sperm (38) , indicating that tACE3 is a secretory protein.
Although PSG17 was detected on acrosome-reacted sperm, it disappeared on reacted sperm after treatment with PIPLC, which is an enzyme that releases GPIanchored proteins from the cell surface. This indicates that PSG17 is GPI anchored on sperm. The potential significance of gastrointestinal hormones on fertility is as follows. A reduction in fecundity has been revealed in research on calorie restriction, and it has been suggested that a tradeoff exists between longevity and fertility (Fig. 6) . The connectivity between calorie restriction and fecundity is especially evident in females, but this has also been reported in males (39, 40) .
Gipr
-/-mice showed reduced fat mass, increased physical activity, and lower body temperature, consistent with the physiology associated with caloric restriction in mice (41) . Considering the fact that plasma GIP levels are dynamically regulated by food intake and that Gipr is expressed in spermatids, it can be hypothesized that GIP links food intake to fecundity. This hypothesis was reinforced by the present results showing that GIP regulates the expression of Psg17 in the testis, that the expression of Psg17 was dependent on the gene dosage of Gipr, and that Gipr -/-sperm led to a lower fertilization rate in vitro. GIP is thus assumed to play a critical role in the tradeoff between longevity and fecundity through sensing food intake in the small intestine. To confirm the relationship between GIP and fecundity, further studies that compare the number of offspring fathered by Gipr +/+ and Gipr -/-male mice in natural mating are necessary.
Overeating and a high-fat diet increase fat accumulation in adipocytes. It has been reported that inhibition of GIP signaling prevents obesity in cases of overeating and high-fat diets (19, 42) . In contrast, an uncharacterized cause of sperm dysfunction has been observed in obese men (5) . The current study indicated markedly reduced expression of Gipr and Psg17 in the testes of high-fat-fed mice. GIP resistance in pancreatic b-cells has previously been observed in type 2 diabetes, and administration of even a high dose of GIP could not induce efficient insulin secretion in individuals with type 2 diabetes. It is not well understood how pancreatic b-cells affect GIP resistance. The quantitative and qualitative deficiency of GIPR in pancreatic b-cells has been assumed to be a possible mechanism of GIP resistance. To our knowledge, this is the first report showing GIP resistance in extrapancreatic tissues. We showed that hyperglycemia alone could not downregulate Gipr and Psg17 in the testis. In addition to hyperglycemia, chronic ingestion of a high-fat diet causes hypersecretion of insulin or GIP. Figure 6 . Hypothetical schematic: the role of GIP in the tradeoff between longevity and fecundity. The increase in GIP concentration after food intake induces continuous fat accumulation, resulting in a tendency for a shorter lifespan. In contrast, increased GIP concentration stimulates spermatids and induces a rise in fertility, resulting in increased fecundity. However, excessive food intake induces excessive fat accumulation and a reduction in fecundity by decreasing Psg17 expression in sperm via downregulation of Gipr.
Thus, multiple influences from environmental factors such as chronic ingestion of a high-fat diet could affect the expression level of Gipr.
Two classes of antidiabetic drugs, a-glucosidase inhibitors and DPP-4 inhibitors, are completely different in terms of their effects on GIP signaling; the former inhibits the secretion of GIP (43) , whereas the latter increases active GIP levels. To overcome GIP resistance in the testis for the treatment of male infertility, diet therapy or administration of a-glucosidase inhibitors would be preferable.
